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We report here that T cell lines generated from lymphoma patients actively immunized with idiotype protein specifically
recognized multiple, unique immunodominant epitopes in autologous tumor idiotype. Synthetic peptides corresponding to
hypervariable, but not framework, regions of Ig heavy chain specifically stimulated CD4+ and CD8+ T cells to proliferate
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of an immunodominant epitope, comprising critical residues at the amino terminus that may be a product of somatic
hypermutation. Association of idiotype-specific T cell responses with previously documented molecular remissions in
idiotype-vaccinated patients suggests that the newly identified T cell epitopes may be clinically relevant. Such antigenic
epitopes may serve as candidates for novel peptide-vaccine strategies, and as tools to selectively expand tumor antigen–
specific T cells for adoptive immunotherapy and for monitoring T cell immunity in vaccinated patients.
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Introduction
Immune intervention in human cancers requires identification of 
tumor-specific or -associated antigens, and validation of their abil-
ity to elicit sufficient antitumor immune responses in patients. 
Mutated and unmutated self-proteins as well as non-self-proteins 
may be useful target antigens in some human cancers (1–3). In B 
cell malignancies, the clonotypic surface Ig expressed by malig-
nant B cells, idiotype (Id), is a tumor-specific antigen (4–6) and, 
therefore, provides a unique opportunity to target the antitumor 
immune responses. Gene rearrangements that occur during vari-
able, diversity, and joining region (VDJ) and variable and joining 
region (VJ) recombination of Ig heavy and light chains and during 
the somatic hypermutation that is prevalent in mature normal 
and malignant B cells, including follicular lymphoma (FL), fur-
ther increased the probability of the generation of unique epitopes 
that can provide tumor-specific target antigens (7–12).

The earliest human studies showed that immunization with 
Id conjugated to an immunogenic carrier, keyhole limpet 
hemocyanin (KLH), induced anti-Id Ab responses (13). More 
recent studies have focused on the induction of cellular immunity 
against malignant B cells using different vaccination strategies. 
Vaccination with Id protein has been shown to elicit both CD8+ 
and CD4+ T cell responses (14–18), suggesting the presence of 
antigenic epitopes in Id that can stably associate with MHC class 

I and class II molecules. Previous studies have shown that T cells 
from patients with B cell malignancies can be stimulated in vitro 
with synthetic peptides derived from complementarity-determin-
ing regions (CDRs) that form the hypervariable segments of Ig 
heavy chain, Ig VH (19–24). Nonetheless, the precise nature of 
antigenic epitopes recognized by the responding T cells in vivo is 
incompletely characterized (25–27).

In this study, we have generated Id-specific T cell lines from 
postvaccine PBMCs of FL patients who had been actively immu-
nized with a vaccine formulation that successfully induced CD4+ 
and CD8+ T cell responses and molecular remissions (17), and 
used them as tools to identify functional T cell epitopes. Mul-
tiple, unique antigenic peptides were characterized that induced 
specific proliferation and secretion of proinflammatory cytokines 
in an MHC-associated fashion. Such defined antigenic epitopes 
may serve as candidates for novel peptide-vaccine strategies, as 
tools to selectively expand tumor antigen–specific T cells for 
adoptive immunotherapy, and as reagents for immune monitor-
ing of vaccinated patients.

Methods
Patients, vaccine, and PBMC samples. Patients with advanced FL 
enrolled on this institutional review board–approved vaccine 
study were described previously (17). Briefly, patients had received 
chemotherapy to the first complete remission. Following at least 
6 months of immune recovery, they received five subcutaneous 
injections of autologous, tumor-derived Ig protein conjugated to 
KLH (Id-KLH), mixed with human recombinant GM-CSF (rGM-
CSF). While for FL patients the Id was isolated from heterohy-
bridomas generated by fusion with tumor B cells, for myeloma 
patients the Id was isolated from patients’ serum by affinity chro-
matography (17). Blood samples were collected from the patients 

Autologous lymphoma vaccines induce 
human T cell responses against multiple, 

unique epitopes
Sivasubramanian Baskar,1,2 Carol B. Kobrin,1 and Larry W. Kwak2

1Basic Research Program, SAIC-Frederick Inc., National Cancer Institute at Frederick, and 2Experimental Transplantation and Immunology Branch,  
Center for Cancer Research, NIH, Frederick, Maryland, USA.

The clonotypic surface Ig receptor expressed by malignant B cells, idiotype, is a tumor-specific antigen 
and an attractive target for active immunotherapy. While Ab’s specific for tumor idiotype have been well 
described in patients with B cell malignancies, the precise antigenic epitopes in human idiotype recognized 
by autologous T cells remain largely unknown. We report here that T cell lines generated from lymphoma 
patients actively immunized with idiotype protein specifically recognized multiple, unique immunodominant 
epitopes in autologous tumor idiotype. Synthetic peptides corresponding to hypervariable, but not frame-
work, regions of Ig heavy chain specifically stimulated CD4+ and CD8+ T cells to proliferate and secrete 
proinflammatory cytokines in an MHC-associated manner. Detailed analysis revealed a minimal determi-
nant of an immunodominant epitope, comprising critical residues at the amino terminus that may be a prod-
uct of somatic hypermutation. Association of idiotype-specific T cell responses with previously documented 
molecular remissions in idiotype-vaccinated patients suggests that the newly identified T cell epitopes may be 
clinically relevant. Such antigenic epitopes may serve as candidates for novel peptide-vaccine strategies, and 
as tools to selectively expand tumor antigen–specific T cells for adoptive immunotherapy and for monitoring 
T cell immunity in vaccinated patients.

1498 The Journal of Clinical Investigation   http://www.jci.org   Volume 113   Number 10   May 2004

Nonstandard abbreviations used: complementarity-determining region (CDR); 
follicular lymphoma (FL); framework region (FWR); idiotype (Id); joining region of 
Ig heavy chain (JH); keyhole limpet hemocyanin (KLH); phycoerythrin (PE); T cell 
receptor (TCR); variable, diversity, and joining regions of Ig (VDJ); variable and joining 
regions of Ig (VJ); variable region of Ig heavy chain (Ig VH).

Conflict of interest: The authors have declared that no conflict of interest exists.

Citation for this article: J. Clin. Invest. 113:1498–1510 (2004).  
doi:10.1172/JCI200420312.



research article

 The Journal of Clinical Investigation   http://www.jci.org   Volume 113   Number 10   May 2004 1499

before and after vaccine administration. PBMCs were prepared by 
density gradient separation (lymphocyte separation medium; ICN 
Biomedicals Inc., Aurora, Ohio, USA) and cryopreserved in liquid 
nitrogen until use. The HLA typing was done at the National Insti-
tutes of Health HLA laboratory, and the HLA class I and class II 
alleles expressed by the patients and cell lines used in the study are 
presented in Table 1.

Generation of antigen-specific T cell lines. The culture medium RPMI 
1640 containing GlutaMax (Life Technologies Inc., Gaithersburg, 
Maryland, USA) was supplemented with 100 μg/ml streptomycin 
sulphate, 100 U/ml penicillin, 10 μg/ml gentamicin sulfate (Bio-
Whittaker Inc., Walkersville, Maryland, USA), 20 mM HEPES, 1 
mM sodium pyruvate (Life Technologies Inc., 5% heat-inactivated 
human serum from AB+ individuals (Gemini BioProducts, Wood-
land, California, USA), and 50 μM 2-mercaptoethanol (2-ME; 
Sigma-Aldrich, St. Louis, Missouri, USA). All components were 
mixed and sterilized using a 0.2-μm filter (Whatman Inc., Clifton, 
New Jersey, USA). Antigen-specific T cell lines were generated by 
repeated stimulation and rest cycles, as described previously (28). 
Briefly, postvaccine PBMCs (about 20 × 106) were first stimulated 
in vitro with autologous Id protein (100 μg/ml), and during sub-
sequent restimulations, 5 × 105 T cells were cultured with 2.5 × 106 
to 3.0 × 106 irradiated (3.3 Gy) autologous prevaccine PBMCs as 
APCs and autologous Id. After 5–7 cycles of stimulation and rest, 
Id-specific T cell lines were established. During subsequent stimu-
lations, 25 U/ml human recombinant IL-2 (rIL-2) (National Cancer 
Institute Biological Research Branch Pre-clinical Repository, Fred-
erick, Maryland, USA) and 5 ng/ml rIL-7 (PeproTech Inc., Rocky 
Hill, New Jersey, USA) were added 1–2 days after antigen stimu-
lation and every 2–3 days thereafter to expand the Id-specific T 
cells. Alternatively (e.g., patient BL), the postvaccine PBMCs were 
enriched for CD4+ or CD8+ populations by magnetic separation 
using anti-CD8 or anti-CD4 microbeads, respectively (Miltenyi Bio-
tec Inc., Auburn, California, USA). Initially, 10 × 106 CD4+ or CD8+ 
T cells were cultured with 30 × 106 irradiated (2.4 Gy) autologous 

tumor cells, and corresponding T cell lines were 
established by repeated stimulation with irradi-
ated autologous tumor cells as described above. 
T cells were generally used between 10 and 15 
days after previous Id or tumor stimulation.

Epitope-prediction analysis and peptide synthesis. 
DNA sequence of FL patients’ tumor Ig VH was 
obtained by PCR-based fingerprinting of tumor 
biopsy samples as described previously (29). The 
amino acid sequences deduced from the coding 
DNA sequences were analyzed by epitope-pre-
diction programs (30–32). Candidate peptides 
representing the framework region (FWR), 
CDR, and joining region (JH) of tumor Ig VH 
predicted to bind the HLA allele(s) of a corre-
sponding patient were selected. Some of the 
peptides contained residue(s) overlapping into 
the adjacent region. Peptides were synthesized 
by f-moc methodology and were shown to be 
more than 95% pure using matrix-assisted laser 
disorption/ionization–time of flight mass spec-
trometry with an α matrix and a C-18 analyti-
cal HPLC column (Macromolecular Resources, 
Colorado State University, Fort Collins, Colora-
do, USA). Peptides were dissolved in 5–10 μl of 

DMSO when necessary, and stock solutions (1 mM) were prepared 
in PBS, filtered, and stored at –70°C until use.

Ab reagents and flow cytometry. Phenotypic characterization of T 
cells was performed by multiparameter flow cytometry in FAC-
SCalibur (Becton Dickinson Immunocytometry Systems, San 
Jose, California, USA) using the following fluorochrome-conju-
gated mAb’s: Simultest reagents: G1/G2a, CD3/CD4, CD3/CD8, 
CD3/CD19, CD3/CD16+56, CD45/CD14, CD3/HLA-DR; sin-
gle-color reagents: CD3-allophycocyanin (CD3-APC), CD4-APC, 
CD25-FITC, CD45RA-phycoerythrin (CD45RA-PE), CD45RO-
PE, CD69-APC, CD45-FITC, and CD45-PE (BD Biosciences 
Immunocytometry Systems, San Jose, California, USA), and 
HLA-A,B,C-PE, HLA-DR,DP,DQ-FITC, αβ T cell receptor–FITC 
(TCRαβ-FITC), TCRγδ-FITC, and isotype control Ab (BD 
Biosciences PharMingen, San Diego, California, USA). A total of 
20,000 gated events were collected for each sample in a list-mode 
file, and data analysis was performed using CellQuest software 
(BD Biosciences Immunocytometry Systems).

For inhibition studies, we used mAb’s against HLA-DR; HLA-
DP; HLA-DQ; HLA-A, -B, and -C (class I); or HLA-DP, -DQ, and 
-DR (class II); and isotype controls IgG1k or IgG2ak (PharMin-
gen International), HLA-DR52, and HLA-B*08 (both from One 
Lambda Inc., Canoga Park, California, USA). All mAb’s were dia-
lyzed before use. The APCs were incubated with anti-HLA Ab or 
isotype control Ig (25 μg/ml) for 2–3 hours prior to the addition 
of T cells. The percentage inhibition was calculated based on the 
responses in the absence of Ab in each group.

Antigen-specific proliferation and cytokine production. Postvaccine 
PBMCs (6 × 105), collected about 1 month after the last vac-
cine, were cultured in the absence or presence of the indicated 
amount of antigen. When T cell lines were used, 1 × 105 T cells 
were cultured with 6 × 105 irradiated (3.3 Gy) autologous prevac-
cine PBMCs or 3 × 105 irradiated (120 Gy) partially HLA-matched, 
Epstein-Barr virus–transformed (EBV) cell lines (33) in the absence 
or presence of the indicated Id protein/peptide. The proliferation 

Table 1
HLA alleles expressed by the patients and cell lines used in the study

Patient/Cell line HLA class I HLA class II
 A B Cw DRB1 DQB1 DRB
LE 02,26 07,13 06,07 0701,1501 0201,0602 4*01,5*0101
TL 02,29 44,51 01,–A 0701,1401 0201,0503 3*0202,4*01
BS 01,0201 08,51 07,15 03,13 02,06 3*01,3*02
BL 01,11 08,44 05,0701 03,12 02,03 3*01,3*02
VS 02,– 07,57 06,07 07,15 03,06 4*01,5*01
HR 03,28 14,35 04,– 0301,0303 0201,0301 3*0101,3*02
BE 02,28 44,62 03,05 0102,1301 0501,0604 3*0604,–
RB 02,68 27,– 02,– 0101,1601 0501,05 5*0202,–
SG 24,30 13,14 06,08 0701,1302 NDB 3*00C,4*01
NC 02,24 08,15 07,12 0301,1101 0201,0603 3*0101,3*0202
JR 29,32 44,– 05,– 07,12 03,03 3*02,4*01
LK 01,03 07,– 07,– 15,– 06,– 5*01,–
MC 01,03 07,08 07,– 0901,1501 ND 4*01,5*00
EBV-583 03,3101 07,44 0501,0702 04,1501 03,06 4*01,5*01
EBV-1087 02,35 13,35 0401,0602 07,12 02,03 3*02,4*01
EBV-1088 01,02 08,44 0501,07 0301,04 02,03 3*01,4*01
EBV-1363 01,02 44,51 01,0501 01,– 05,– Not present

AA dash indicates that the second allele was not amplified in the reaction or was 
homozygous. BND, not determined. CA specific allele could not be assigned.
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response was measured by [3H]thymidine incorporation (28). All 
cultures were set up in triplicate, and the arithmetic mean cpm 
was calculated. The SD from the arithmetic mean values was less 
than 10% in all the experiments. The change in cpm was calcu-
lated by subtraction of mean cpm in the absence of antigen from 
mean cpm in the presence of antigen.

For determination of cytokine responses in ex vivo PBMCs, 
2 × 106 to 3 × 106 prevaccine or postvaccine PBMCs were cul-
tured in 48-well plates in the absence or presence of 100 μM of 
the indicated peptide. Three and six days later, cell-free culture 
supernatants were collected and stored frozen at –70°C until 
analysis. Cytokine ELISA was performed using a Quantikine kit 
for GM-CSF, IFN-γ, and TNF-α (R&D Systems Inc., Minneapo-
lis, Minnesota, USA) according to the manufacturer’s direction. 
To determine the cytokine responses by T cell lines, 5 × 105 T 
cells, and 2 × 106 to 3 × 106 irradiated autologous PBMCs or 
HLA-matched or -unmatched APCs were cultured in the absence 
or presence of the indicated antigen. The antitumor responses 
by T cell lines from patient BL were determined by culturing of 
5 × 105 T cells with 2 × 106 to 3 × 106 irradiated autologous or 
heterologous tumor cells, and corresponding PBMCs were used 
as controls. Cell-free supernatants were collected 3 and 6 days 
later, and the cytokines secreted were determined. The sensitiv-
ity of this assay for all the cytokines was 7.8 pg/ml, and the val-
ues were less than 7.8, less than 15.6, or less than 31.2 pg/ml 
depending on the initial dilution of the samples.

Intracellular cytokine assay. The frequency of antigen-specific T 
cells was determined by intracellular cytokine staining. T cells  
(5 × 105) were cultured with 2 × 106 to 3 × 106 irradiated autologous 
CD3-depleted PBMCs or partially HLA-matched EBV-583 cells 
(two class I and four class II alleles matched with the patient 
LE; Table 1) as APCs in 48-well plates in the absence or presence 
of the indicated antigen and 5 μg/ml anti-CD28 Ab (PharMin-
gen International). Two hours after antigen stimulation, 1 μM 
monensin and 5 μg/ml brefeldin-A (Sigma-Aldrich) were added 
to block cytokine secretion. Following overnight culture, the cells 
were harvested and processed for intracellular cytokine staining 
as described previously (34). The potentially responding T cells 

were identified first by gating on lymphocytes (forward scatter), 
and then by fluorescence gating (surface staining with CD3-FITC, 
CD4–peridinin chlorophyll protein [CD4-PerCP], and CD69-
APC). For intracellular staining, the following anti-cytokine Ab’s 
were used: IFN-γ–PE, TNF-α–PE, IL-4–PE, IL-10–PE, and isotype 
controls IgG1-PE and IgG2a-PE (BD Biosciences). Flow cytometry 
was done as described above.

Results
Postvaccine PBMCs respond specifically to autologous Id protein. The 
goal of this study was to generate human T cell lines that can 
recognize autologous tumor Id and/or autologous tumor cells, 
and to delineate immunodominant epitopes in Ig VH. As a pro-
logue, postvaccine PBMCs from 23 patients were cultured in 
vitro in the absence or presence of autologous Id or isotype-
matched Id from unrelated patients (17). About 69% (9 of 13) of 
FL patients showed a specific proliferation response (stimula-
tion index ≥ 3) to the self-tumor antigen, autologous Id (Fig-
ure 1). By contrast, only 20% (two of ten) of myeloma patients 
showed specific, albeit weaker, responses to autologous Id. Nev-
ertheless, all patients tested showed vigorous T cell prolifera-
tion responses to the foreign carrier protein, KLH, which dem-
onstrated the immunocompetence of the patients at the time 
of vaccine administration. These results extend our previous 
observation that autologous tumor–specific cytokine responses 
were elicited by Id-KLH vaccine (17). All four FL patients who 
did not respond to Id protein harbored peptide motifs in their 
Id sequences that were predicted to bind to one or more HLA 
alleles expressed by these patients (data not shown). Some of the 
FL patients that showed specific response to autologous Id were 
chosen for further studies described below.

T cell lines respond to autologous Id protein and/or autologous tumor. 
Two different strategies were used to generate T cell lines from 
vaccinated patients. Postvaccine PBMCs from four FL patients 
were repeatedly stimulated with either autologous Id protein or 
autologous tumor cells (see Methods). Id-raised and tumor-raised 
T cell lines from patient LE (LE-1 and LE-2, respectively) consisted 
of mostly (>98%) CD3+CD4+ T cells (Table 2). Prolonged culturing 
and repeated in vitro stimulations with Id protein probably provid-
ed selective growth advantage to CD4+ T cells, and eventually these 
lines consisted of 100% CD4+ T cells. Id-raised and tumor-raised T 

Figure 1
Postvaccine PBMCs specifically responded to autologous Id. PBMCs 
from Id-KLH–vaccinated patients were cultured in the absence or 
presence of 100 μg/ml autologous Id, isotype-matched irrelevant 
(irr.) Id, or KLH. The proliferation responses (cpm) to autologous 
Id (filled circles) and irrelevant Id (open circles) are depicted on the 
left ordinate, and the responses to KLH (open triangles) on the right 
ordinate. The numbers of the FL and myeloma patients studied are 
indicated on the abscissa.

Table 2
T cell lines used in this study

Patient T cell lines In vitro stimulationsA PhenotypeB

   CD4 CD8
LE LE-1 Id 98 2
 LE-2 Tumor 99 0.2
TL TL-1 Id 82 18
 TL-2 Tumor 92 8
BS BS-1 Id 77 23
 BS-2 Id 85 14
BL BL-1 Tumor 99 0.4
 BL-2 Tumor 94 1.6
 BL-3 Tumor 0.3 99
 BL-4 Tumor 0.6 99

AThe T cell lines were generated by repeated in vitro stimulations of 
postvaccine PBMCs with autologous Id protein or irradiated autologous 
tumor. BThe percentages of CD4+ and CD8+ T cell subsets are shown.
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cell lines from patient TL (TL-1 and TL-2, respectively) and patient 
BS (BS-1 and BS-2, respectively) consisted of 77–92% CD3+CD4+ 
and 8–23% CD3+CD8+ T cells. Postvaccine PBMCs from patient 
BL were repeatedly stimulated with autologous tumor to establish 
CD4+ (BL-1 and BL-2) and CD8+ (BL-3 and BL-4) T cell lines. Fur-
ther characterization revealed that all the Id- and tumor-reactive T 
cells expressed TCRαβ, and activation markers such as HLA-DR, 
CD25, CD45RO, and CD69 (data not shown), consistent with an 
antigen-experienced memory phenotype. There was no significant 
staining with Ab to TCRγδ, CD16/56, CD14, or CD19 (data not 
shown). Similar attempts to generate Id-specific T cell lines from 
prevaccine PBMCs were unsuccessful.

T cell lines generated from patient LE (LE-1 and LE-2) showed 
significant proliferation responses to autologous Id (Figure 2A), 
but not to isotype-matched Id proteins from other patients (HJ and 
TL). Similarly, T cell lines generated from patients TL and BS (TL-1, 

TL-2, BS-1, and BS-2) also showed corresponding Id-specific prolif-
eration (Figure 2, B and C). In the case of BS T cells, the antigen-spe-
cific response was shown by cytokine secretion (Figure 2D). Again, 
irrelevant Id proteins from other patients (JR and LK were controls 
for TL, and PS, KR, and TD were controls for BS) failed to induce 
significant responses. In addition, Id-specific cytokine responses 
by LE and TL T cell lines paralleled their proliferation responses 
(data not shown). Furthermore, two CD4+ T cell lines (BL-1 and 
BL-2) and two CD8+ T cell lines (BL-3 and BL-4) from patient BL 
exhibited significant responses to autologous tumor, but not to 
autologous Id (Figure 2E). The specificity of antitumor response 
was demonstrated by the absence of response to tumors from other 
patients, LK and MC (Figure 2F). No significant response to allo-
antigens was observed.

Collectively, these results demonstrate that the Id-raised T cell 
lines generated from postvaccine PBMCs of FL patients specifi-

Figure 2
T cell lines derived from vaccinated FL patients specifically responded to autologous Id or tumor. (A–C) T cells from patients LE, TL, and BS 
were cultured with irradiated autologous PBMCs in the absence or presence of 100 μg/ml autologous Id or irrelevant Id from other patients as 
indicated. A, B, and C show the proliferation responses (cpm) by T cell lines from patients LE, TL, and BS, respectively. (D) BS-1 T cells were 
cultured with irradiated autologous PBMCs in the absence or presence of indicated Id, and cytokine responses were measured. (E) Proliferation 
response by BL T cells cultured with irradiated autologous PBMCs in the absence or presence of Id. In addition, BL T cells were cultured with 
irradiated autologous tumor cells. (F) Cytokine response by BL T cells cultured either with irradiated autologous (BL) PBMCs or tumor cells, or 
with PBMCs or tumor cells from irrelevant patients (LK or MC). When PBMCs or tumor cells from patients BL, LK, or MC were cultured alone, 
they secreted only background levels of cytokines. Results from a representative experiment are shown.
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cally recognized autologous Id protein and/or autologous tumor, 
and they were used to determine the precise antigenic epitope(s) 
recognized in the studies described below.

T cell epitopes are predominantly localized in the CDRs of tumor Ig VH. 
To elucidate the precise nature of antigenic epitopes recognized 
by Id-specific T cells, synthetic peptides were made from amino 
acid sequences deduced from nucleotide sequences of individual 
patients’ tumor Ig VH region. At first, we made synthetic peptides 
corresponding to the entire CDR2 and CDR3 segments of tumor 
Ig VH. Next, using bioinformatics, we identified candidate peptides 
that were predicted to bind HLA alleles of a corresponding patient 
(30, 31) and synthesized peptides representing different Ig VH 
regions for each of the four patients studied (Table 3). For patients 
LE and TL, additional peptides were made by single–amino acid 
truncations at the NH2 and/or COOH termini of the CDR2 and 
CDR3 sequences. For simplicity, the FWR and CDR peptides for 
each patient are serially numbered (e.g., CDR2-1 through CDR2-12 
represent CDR2 peptides of LE Ig VH).

These synthetic peptides were tested for their ability to stimu-
late Id-specific T cells using autologous PBMCs as APCs. Both 
LE-1 and LE-2 T cells proliferated in response to full-length 
autologous CDR2 (CDR2-1) and CDR3 peptides, but not to an 
irrelevant CDR3 peptide from another patient (TL-CDR3-1) 
(Figure 3A). Similarly, when EBV-583 cells were used as APCs, 
enhanced proliferation response to autologous CDR2-1 and 
CDR3 peptides was observed in both LE T cell lines, and no 
response to the irrelevant CDR3 peptide was observed (Figure 3B). 
Cytokine responses (GM-CSF, IFN-γ, and TNF-α) to the CDR2-1 
and CDR3 peptides paralleled the proliferation responses (data 
not shown). The background responses to EBV-583 cells in the 
absence of peptide were minimal, indicating that the responses 
to alloantigens expressed by EBV-583 cells were insignificant. We 
next tested four additional CDR2 peptides (CDR2-7, -8, -9, and  
-12), each with one or more residues truncated from the full-
length CDR2-1 (see below); three FWR3 peptides; and one JH 
peptide (some of them overlap into adjacent CDR2 or CDR3 seg-
ments). It is important to note that these FWR and JH peptides 
were predicted to bind HLA-DRB1*0701 and/or -DRB1*1501 
expressed by patient LE, and their ability to bind other class II 
alleles is not known. However, while all of the four CDR2 peptides 
induced dose-dependent proliferation by LE-1 T cells, the FWR3 
and JH peptides did not, despite the wide range of peptide con-
centrations tested (Figure 3C). Similar results were obtained when 
autologous or HLA-matched heterologous PBMCs from patient 
VS were used as APCs (data not shown).

Likewise, four of six CDR3 peptides and one JH peptide from 
patient TL stimulated strong GM-CSF responses in TL-2 T cells, 
and lower, but significant, responses in TL-1 T cells (Figure 4A). 
These peptides also stimulated proliferation of TL T cells (data 
not shown). By contrast, a CDR1, an FWR2, a CDR2, and two 
FWR3 peptides failed to stimulate TL T cells. In patient BS, three 
of five CDR2 peptides and three of six CDR3 peptides induced 
strong GM-CSF responses in BS-1 and/or BS-2 T cell lines, while 
none of the four FWR3 peptides stimulated BS T cells (Figure 
4B). Furthermore, the CD8+ T cell line from the patient BL (BL-3), 
although it failed to recognize autologous Id protein (Figure 2E), 
strongly responded to three of five CDR2, both of two CDR3, and 
one of five FWR3 peptides tested (Figure 4C). The CD4+ T cell 
line (BL-2), on the other hand, did not respond to most of the 
CDR2 and FWR3 peptides tested, except for a moderate response 

Table 3
Synthetic peptides used in this study

Patient Synthetic peptidesA Ig VH positionB

LE YITNTSSYISYADSVKG CDR2-1
 ITNTSSYISYADSVK CDR2-2
 TNTSSYISYADSVK CDR2-3
 NTSSYISYADSVK CDR2-4
 TSSYISYADSVK CDR2-5
 SSYISYADSVK CDR2-6
 YITNTSSYISYADSV CDR2-7
 YITNTSSYISYADS CDR2-8
 YITNTSSYISYAD CDR2-9
 YITNTSSYISYA CDR2-10
 YITNTSSYISY CDR2-11
 TNTSSYISYAD CDR2-12
 HNRSAVRAPASEIHFHLDV CDR3
 VKGRFTVSRDNAKNS CDR2/FWR3
 NSMFLQMNSLRVEDT FWR3
 TAIYYCVRHNRSAVR FWR3/CDR3
 HLDVWGQGTTVTVSS CDR3/JH
TL FANNWIHWV CDR1
 VPGKGLVWV FWR2
 LNGDGKIANYTDSVKGRFTI CDR2
 TVFLQMNSL FWR3-1
 FLQMNSLRV FWR3-2
 ATTTGGGLNFGLDVW CDR3-1
 TTGGGLNFGLDV CDR3-2
 GGGLNFGLDV CDR3-3
 GGLNFGLDV CDR3-4
 CATTTGGGL CDR3-5
 ALYYCATTT CDR3-6
 WGHGTAVNV JH
BS ANITQEGSQKNYVDS CDR2-1
 ITQEGSQKN CDR2-2
 TQEGSQKNY CDR2-3
 QEGSQKNYV CDR2-4
 SQKNYVDSV CDR2-5
 RFTISRDNAKNIVFL FWR3-1
 LQMSSLRVEDTALYY FWR3-2
 FLQMSSLRV FWR3-3
 RVEDTALYY FWR3-4
 ARHNDDTSV CDR3-1
 NDDTSVTFD CDR3-2
 DDTSVTFDY CDR3-3
 CARHNDDTSVTFDYW CDR3-4
 RHNDDTSVTFDYWGQ CDR3-5
 DTSVTFDYWGQGTLV CDR3-6
BL ISQSGSDTSYVDSVK CDR2-1
 GSDTSYVDS CDR2-2
 DTSYVDSVKGRFTIS CDR2-3
 YVDSVKGRF CDR2-4
 SQSGSDTSY CDR2-5
 RFTISRDNAQKSLFL FWR3-1
 NSLRVEDTAIYYCTG FWR3-2
 DTAIYYCTGGDDWSG FWR3-3
 YYCTGGDDWSGYFKF FWR3-4
 LRVEDTAIY FWR3-5
 TGGDDWSGY CDR3-1
 GDDWSGYFK CDR3-2

ASingle-letter code for the amino acids is used. BThe CDR and  
FWR amino acid sequences are numbered according to Kabat  
et al. (see ref. 49).
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to the CDR3 and FWR3-5 peptides. Notably, the majority (four 
of five) of FWR peptides did not stimulate BL T cells. T cell lines 
from these three patients (TL, BS, and BL) also elaborated IFN-γ 
in response to the respective CDR peptides, but not to any FWR 
peptides (data not shown).

We next investigated whether the responses, described above, 
of established T cell lines to CDR peptides could also be observed 
in ex vivo, directly isolated, bulk PBMC samples. Accordingly, 
pre- and postvaccine PBMC samples from patients LE, TL, BS, 
and BL were cultured in the absence or presence of the same 
autologous CDR2 and CDR3 peptides in parallel (see Table 4, 
legend). As specificity controls, irrelevant CDR peptides from 
different patients were used. In all four patients, no significant 
cytokine responses were seen in prevaccine PBMCs, whereas post-
vaccine PBMCs showed modest, but specific, cytokine responses 
to CDR peptides (Table 4). These results are consistent with the 
hypothesis that Id vaccination induced tumor antigen–specific 
responses in these patients, and that the Id-specific T cell lines 
established in vitro represent amplifications of such vaccine-
induced T cells present in vivo.

Taken together, this analysis of the tumor-derived Ig VH region 
peptides in four actively vaccinated FL patients suggests that 
there may be multiple, unique T cell epitopes in each Id protein 
and that the epitopes recognized are predominantly localized in 
the CDR domains.

Further characterization of LE T cell CDR2 epitope. The availability 
of sufficient numbers of PBMCs from patient LE, as well as an 
EBV-transformed cell line with four of six HLA class II alleles 
matched, EBV-583 (Table 1), allowed us to further characterize 
LE-CDR2 epitope as described below. Irradiated EBV-583 cells 
were pulsed with different concentrations of peptide (0.0013–
200 μM) for 2–3 hours and washed before being added to T 
cells. Dose-response curves showed that significant prolifera-

tion of LE-1 and LE-2 T cells was induced by as little as 0.16 
and 0.8 μM of CDR2-1 peptide, respectively (Figure 5A). While 
the proliferation response in LE-1 T cells reached a plateau at 
about 10 μM, LE-2 T cells continued to show a dose-dependent 
increase in proliferation. The proliferation responses by both T 
cell lines were paralleled by an antigen-dose-dependent increase 
in the production of IFN-γ, TNF-α, and GM-CSF, but not IL-4 

Figure 3
LE T cells responded to CDR, but not to FWR, peptides. (A and B) T cells were cultured with irradiated autologous PBMCs (A) or irradiated 
EBV-583 cells (B) in the absence or presence of 20 μM LE-CDR2-1 or LE-CDR3. An equal amount of TL-CDR3 peptide was used as a specificity 
control. (C) LE-1 T cells were cultured with irradiated EBV-583 cells in the absence or presence of different doses (0.8–100 μM) of LE-CDR2 and 
-FWR peptides, as indicated. The proliferation response (cpm or Δ cpm) from a representative experiment is shown.

Figure 4
Cytokine response by T cells to peptides derived from CDRs of Ig 
VH. T cells from three additional patients, TL (A), BS (B), and BL 
(C), were cultured with irradiated autologous PBMCs in the absence 
or presence of 50 μM autologous CDR or FWR peptides (Table 3). 
GM-CSF responses from a representative experiment are shown. 
Similar results were obtained at lower antigen doses with BS and BL 
T cell lines (data not shown).
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or IL-10 (Figure 5B and data not shown). Similar results were 
obtained when the antigen was left for the entire period of cul-
ture (data not shown).

The full-length CDR2 peptide (CDR2-1) recognized by the LE T 
cells is 17 amino acids long. It is possible that this peptide under-
goes further processing in APCs, and the minimal epitope recog-
nized by T cells could be a smaller peptide. To address this issue, 
a synthetic CDR2 peptide library was made by progressive trun-
cations from the amino or carboxyl terminus, and the resulting 
peptides were used to stimulate LE-1 and LE-2 T cells (Figure 5C). 
Sequential truncations of CDR2-1 peptide revealed that the first 
two amino acids at the amino terminus and the last four amino 
acids at the carboxyl terminus were dispensable, since synthetic 
peptides lacking these residues were able to induce significant 
proliferation of LE-1 and LE-2 T cells. These truncated peptides 
(CDR2-2, -3, -7, -8, and -9) induced a dose-dependent proliferation 
response (Figure 3C; and Figure 5C, legend). These results sug-
gested that a shorter peptide (corresponding to position 52–61 of 
Ig VH) might constitute the core of the CDR2 epitope. This was 
confirmed by the observation that an 11-mer peptide (CDR2-12, 
52TNTSSYISYAD61) comprising the core of LE-CDR2 stimulated 

a dose-dependent proliferation and cytokine responses in LE T 
cells (Figure 3C and data not shown). In this minimal epitope, the 
amino-terminal residues, threonine (T) and asparagine (N), and the 
carboxyl-terminal aspartic acid (D) seem to be critical for a func-
tional epitope, since deletion of these residues caused significant 
loss or abrogation of T cell proliferation (peptides CDR2-5, -6, -10, 
and -11; Figure 5C). Analysis of LE Ig VH amino acid sequence by 
algorithm-based epitope prediction revealed many 15-mer peptides 
that could potentially bind DRB1*0701 and DRB1*1501 (both 
alleles expressed by patient LE) with binding scores between 18 
and 26, and several of them contained the motif TNTSSYISYAD 
in different registers. Potential binding of this motif to other class 
II alleles of patient LE could not be evaluated, as they were not 
available in the database used (see ref. 31). However, it should be 
noted that the delineation, described above, of a minimal epitope 
was based on studies using LE T cell lines that possibly consist of 
multiple clones of T cells, and therefore the presence of additional 
epitopes may be anticipated.

Next, we determined the frequency of peptide-specific T cells 
in LE T cell lines by intracellular cytokine staining of the T cells 
following overnight antigen stimulation using EBV-583 cells as 
APCs. Stimulation with 20 μM CDR2-1 peptide induced robust 
IFN-γ and TNF-α production in more than 95% of LE-1 T cells 
(Figure 6). Dose-response studies showed that as little as 0.8 μM 
of CDR2-1 peptide stimulated IFN-γ and TNF-α responses in 

Table 4
Ex vivo PBMC responses to Ig VH peptides

Patient Prevaccine PBMCsA Postvaccine PBMCsA

 CDR2 CDR3 CDR2 CDR3 Irr. CDR
LE <15.6B <15.6 172 304 <15.6
TL <15.6 <15.6 71 32 <15.6
BS <7.8 <7.8 39.3 126.5 <7.8
BL <7.8 <7.8 262 63 <7.8

APrevaccine and postvaccine PBMCs were cultured in parallel with 50 
μM of the same autologous Id-derived CDR2 and CDR3 peptides. The 
autologous peptides used were as follows: for LE, CDR2-1 and CDR3; 
for TL, CDR2 and CDR3-1; for BS, CDR2-1 and CDR3-6; and for BL, 
CDR2-4 and CDR3-2. As controls, CDR peptides from other irrelevant 
patients (Irr. CDR) were used. BValues indicate GM-CSF (pg/ml) secret-
ed in 6 days of culture with the indicated peptides. The background 
response in the absence of peptides was <15.6 or <7.8, depending on 
the initial dilution of the culture supernatant.

Figure 5
Dose-response curves of LE T cells and determination of a minimal 
CDR2 T cell epitope. (A) The EBV-583 cells were incubated at 37°C 
for 2–3 hours with the indicated amounts of LE-CDR2-1 peptide. After 
three washes, peptide-pulsed EBV-583 cells were irradiated and cul-
tured with T cells. The proliferation responses by LE-1 (filled circles) 
and LE-2 (open circles) T cells are shown. (B) Culture supernatants 
from parallel experiments, as described for A, were collected, and 
cytokine responses were determined. (C) LE T cells were cultured 
with irradiated EBV-583 cells in the absence or presence of 50 μM 
individual peptide from an LE-CDR2 library. Proliferation responses  
(Δ cpm) from a representative experiment are shown. The responses 
to 10 and 1 μM of peptide ITNTSSYISYADSVK (CDR2-2) were 37,026 
and 19,981 Δ cpm, respectively. The responses to 10 and 1 μM of 
peptide TNTSSYISYADSVK (CDR2-3) were 320,602 and 14,069  
Δ cpm, respectively. Dose-response curves for other maximally 
stimulatory peptides, YITNTSSYISYADSV (CDR2-7), YITNTSSY-
ISYADS (CDR2-8), and YITNTSSYISYAD (CDR2-9), are depicted 
in Figure 3C. A similar pattern of response was seen with 5 × 104 
and 2 × 105 T cells (data not shown).
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about 83% of LE-1 T cells (data not shown). Stimulation with an 
irrelevant peptide (0.8–100 μM, TL-CDR3-1) did not induce any 
significant cytokine production compared with the medium con-
trols (Figure 6 and data not shown). Similar results were obtained 
when CD3-depleted autologous or HLA-matched heterologous 
PBMCs were used as APCs (data not shown). Additional experi-
ments showed that several truncated CDR2 peptides (CDR2-7, -8, 
-9, and -12) also were able to induce strong intracellular cytokine 
responses in LE T cells (data not shown). As observed before with 
Id protein, these peptides did not induce IL-4 or IL-10 produc-
tion in LE-1 T cells (data not shown).

Thus, it was observed that LE T cells exhibited significant 
responses to the CDR2 peptide at doses as low as 200 nM, and an 
11–amino acid peptide constituted the core of this epitope. Several 
peptide motifs containing this core epitope were predicted to bind 
class II alleles of patient LE. Stimulation of LE T cells with this 
epitope resulted in Th1-type cytokine responses.

Are the CDR2 T cell epitopes of Ig VH derived by somatic mutation? It is 
well documented that somatic mutations in variable heavy chain 
and variable light chain genes of Ig result in clonotypic expres-
sion of unique surface Ig receptor in normal and malignant B cells 
(7–12). Therefore, it is possible that the T cell epitope(s) identi-
fied above may have been generated by somatic mutation of Ig VH 
genes. To address this possibility, tumor Ig VH nucleotide sequenc-
es from patients were compared with consensus sequences of 
various germ-line Ig VH gene families, available in the database (V 
BASE Index, MRC Centre, Cambridge, United Kingdom), to iden-
tify the Ig VH gene they were most likely derived from. Comparison 
with the germ-line Ig VH genes revealed several point mutations 
that result in amino acid substitutions throughout the CDR2 and 
CDR3 regions of tumor Ig VH (Figure 7A and data not shown). 
In particular, LE tumor Ig VH CDR2 sequence had four unique 
amino acid substitutions at the amino-terminal end (Figure 7A). 
Synthetic peptides from the three candidate, closely related germ-
line CDR2 sequences were tested for their ability to stimulate LE 
T cells. As observed before, the stimulatory peptides (LE-CDR2-1 

and LE-CDR2-9) induced strong cytokine responses in LE-1 T 
cells. By contrast, cytokine responses to the three germ-line CDR2 
peptides were insignificant, as seen with the nonstimulatory con-
trol peptides LE-CDR3/JH and TL-CDR-2 (Figure 7, B and C).

It is possible that the absence of response to germ-line CDR2 
peptides is due either to their inability to bind the HLA class II 
alleles of patient LE or to the absence of appropriate T cells in 
the LE-1 T cell line to recognize the germ-line CDR2 peptides. 
However, analysis of the predicted binding of the germ-line CDR2 
peptides to HLA-DRB1*0701 and -DRB1*1501 (both alleles 
expressed by patient LE) revealed that they had similar binding 
scores to that of the stimulatory peptide LE-CDR2-1 (Table 5). 
Furthermore, studies with EBV transformants expressing either 
HLA-DRB1*0701 or -DRB1*1501 suggest that these alleles may 
be involved in presenting a cognate peptide (e.g., LE-CDR2-1) to 
LE T cells (see below). The control peptide TL-CDR2 showed high-
er binding scores but nevertheless was nonstimulatory. The ability 
of the germ-line peptides to bind other class II alleles of patient LE, 
which were not available in the database, is unknown. Based on 
these findings, it seems likely that the absence of response to germ-
line peptides is due not to their failure to bind HLA molecules of 
the host, but rather to the absence of potentially responding T 
cells in the LE-1 T cell line.

These results are consistent with the possibility that LE-1 T cells 
recognized a unique CDR2 epitope that may be a product of somat-
ic mutation. Alternatively, the results could be due to differences in 
the patient’s actual and consensus germ-line gene sequences or to a 
previously unidentified germ-line gene in this patient.

MHC association of Id- and tumor-specific T cell responses. The 
autologous Id- and tumor-reactive T cells described above express 
TCRαβ. Numerous reports have established that both CD4+ and 
CD8+ T cells with TCRαβ recognize nominal antigenic peptides 
in the context of self MHC class II and class I molecules, respec-
tively (35). Two independent approaches were taken to demon-
strate MHC association of Id- and tumor-specific T cell responses. 
First, PBMCs and EBV cell lines from heterologous patients that 
shared one or more HLA class I and/or class II alleles with patient 
LE were used as APCs to stimulate LE-1 and LE-2 T cells. Both 
these T cell lines consisted of at least 98% CD4+ T cells and were 
stimulated by autologous Id presented by allogenic PBMCs that 
shared several HLA class II alleles (patient VS), but not by PBMCs 
from patients HR, BE, RB, SG, and NC (Figure 8A and Table 1). In 
particular, the alleles DRB1*1501, DQB1*0602, and DRB5*0101 
are shared by LE and VS, and PBMCs from patients that did not 
express these alleles, as mentioned above, failed to stimulate LE 
T cells. Furthermore, EBV transformants from two different 
patients — EBV-583 and EBV-1087 — that expressed three or four 
class II alleles that matched with LE (including those mentioned 
above) were able to present LE-CDR2-1 peptide to LE T cells (Fig-
ure 8B and Table 1). The EBV transformants from a third patient, 
EBV-1088, expressing DQB1*02 and DRB4*01 that matched 
with LE, induced a low level of response in LE-1 T cells, whereas 
EBV-1363 from a fourth patient with no matching class II allele 
failed to stimulate LE T cells (Figure 8B and Table 1). Interest-
ingly, with the exception of a weak allogenic response against 
antigen-unpulsed PBMCs from patient RB, there was no signifi-
cant allogenic response by LE T cells to any of these heterologous 
APCs. Together, these results suggest that it is possible that one 
or more of the HLA class II molecules DRB1*1501, DQB1*0602, 
and DRB5*0101 could be involved in antigen presentation to LE 

Figure 6
LE-1 T cells produced Th1 cytokines in response to CDR2-1 peptide. 
T cells were cultured with irradiated EBV-583 cells in the absence or 
presence of 20 μM LE-CDR2-1 or TL-CDR3 peptide overnight at 37°C. 
Intracellular cytokine responses, TNF-α (top panels) and IFN-γ (bottom 
panels), from a representative experiment are shown. Similar results 
were obtained when CD3-depleted autologous PBMCs were used as 
APCs (data not shown).
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T cells. Similarly, TL-1 T cells were stimulated by autologous Id 
protein and TL-CDR3-1 peptide when autologous PBMCs or par-
tially HLA-matched PBMCs from patient JR (sharing DRB1*07, 
DRB3*02, and DRB4*01 with patient TL) were used as APCs, but 
not when mismatched PBMCs from patient LK were used (Figure 
8, C and D, and Table 1). However, JR PBMCs induced only about 
30–40% of the response induced by autologous TL PBMCs, sug-
gesting that additional HLA class II molecules not expressed by JR 
may also be involved in antigen presentation to TL T cells.

In the second approach, anti-HLA Ab’s were used to inhibit T 
cell responses to autologous Id protein, peptides, or autologous 
tumor. Addition of anti-DR, anti-DP, or anti-DQ Ab’s moderately 
inhibited (30–78%) LE-1 and LE-2 T cell response to the CDR2-1 
peptide (Figure 8E). However, addition of pan–class II Ab’s signifi-
cantly inhibited (>85%) the response by both the T cell lines, and 
less than 10% inhibition was seen with isotype-matched control 
Ig (Figure 8E). Although these results did not identify the class 
II molecule(s) involved, they are consistent with the above-men-
tioned results with heterologous APCs and suggest that all of the 
three class II molecules (HLA-DP, -DQ, and -DR) may be involved 
in activating different populations of T cells present in both LE T 
cell lines. Similarly, while pan–class II Ab’s inhibited (90%) TL-1 
and TL-2 proliferation response to autologous Id protein, isotype 
control Ig or anti–class I Ab’s did not (Figure 8F). Likewise, the 
proliferation of BL-1 (CD4 line) T cells in response to autologous 
tumor was inhibited by anti–class II, but not by anti–class I, Ab’s 
(Figure 8G), and conversely the proliferation of BL-3 (CD8 line) T 
cells in response to autologous tumor was inhibited by anti–class 
I, but not by anti–class II, Ab’s (Figure 8G). Additional experiments 
were performed to further delineate the HLA molecules involved 
in the stimulation of BL T cells. The antitumor response by the 

CD4 line (BL-1) was moderately (about 50%) inhibited by anti-DR 
as well as anti-DQ mAb’s, suggesting that both DR and DQ mol-
ecules may be involved in the activation of BL-1 T cells. On the 
other hand, two different anti-DR52 mAb’s failed to inhibit the 
responses, suggesting that the DRB3*01 and DRB3*02 molecules 
expressed by the patient may not be involved in the activation of 
BL-1 T cells (Figure 8H). The antitumor response by the CD8 T 
cell line (BL-3) was almost completely inhibited by anti–HLA-B*08 
mAb, but not by any of the class II–specific Ab’s tested (Figure 8H), 
and it is likely that this response is HLA-B*08 restricted.

In all the T cell lines investigated, except BL-3, multiple HLA 
molecules seem to be involved in the activation of T cells, and 
this is consistent with the possible heterozygous nature of these 
T cell lines. Overall, these results suggest that both the CD4 
and the CD8 T cell responses to Id proteins, Id peptides, and/or 
autologous tumor were associated with HLA class II and class I 
molecules, respectively.

Discussion
Identification of clinically relevant tumor-rejection antigens rec-
ognized by human T cells has facilitated the development of novel 
strategies for active immunotherapy of human cancers. For exam-
ple, a number of T cell epitopes have been well characterized for 
human melanoma (1–3), renal cell carcinoma (36), and breast car-
cinoma (37) antigens. Functional CD4 and CD8 T cell responses 

Table 5
Predicted binding of germ-line and somatically mutated Ig 
VH peptides

Peptide sourceA SequenceB Binding scoreC

  DRB1*0701
LE-CDR2-1 YITNTSSYISYADSV 10
VH3-74-CDR2 SISSSSSYIYYADSV 10
VH3-07-CDR2 NIKQDGSEKYYVDSV 14
VH3-21-CDR2 RINSDGSSTSYADSV 18
TL-CDR2 GDGKIANYTDSVKGR 16

  DRB1*1501
LE-CDR2-1 ITNTSSYISYADSVK 14
VH3-74-CDR2 ISSSSSYIYYADSVK 10
VH3-07-CDR2 KQDGSEKYYVDSVKG 10
VH3-21-CDR2 RINSDGSSTSYADSV 8
TL-CDR2 DGKIANYTDSVKGRF 24

AThe germ-line peptides are identified with the prefix VH3, and LE-CDR2-1 
and TL-CDR2 represent the tumor Id-derived peptides from patients LE 
and TL. BPeptide sequences giving the highest binding score with HLA-
DRB1*0701 and HLA-DRB1*1501 alone are depicted. CAnalysis was 
done using the SYFPEITHI database (see ref. 31).

Figure 7
LE-1 T cells did not respond to germ-line CDR2 peptides. (A) Amino 
acid sequences of LE-CDR2-1, germ-line CDR2 peptides from three 
members of the VH3 family, and a control TL-CDR2 peptide are com-
pared. The unique and critical residues in LE-CDR2-1 are highlighted. 
(B and C) T cells were cultured with irradiated autologous PBMCs in 
the absence (None) or presence of 100 μM of indicated peptide. LE-
CDR2-1 and LE-CDR2-9 peptides were used as positive controls, and 
LE-CDR3/JH and TL-CDR2 peptides as negative controls. Cytokine 
responses from a representative experiment are shown.
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against the B cell tumor antigen Id have also been described in 
patients with different types of B cell malignancies (17, 38, 39), 
especially after active immunization with Id protein. However, 
information on the precise nature of antigenic epitopes in Id pro-
tein recognized by the responding T cells is limited. Previous stud-
ies have suggested that T cells from patients with B cell malignan-
cies could be stimulated in vitro to recognize synthetic peptides 
corresponding to the Ig VH CDR segments (19–24). Nonethe-
less, the precise epitopes recognized by T cells in vivo are entirely 
unknown. In this study we have shown that the majority of Id-vac-

cinated patients exhibited Id-specific T cell responses, and only a 
fraction (3 of 13) of the vaccinated patients failed to do so. How-
ever, it is unlikely that this failure is due to a lack of T cell epitopes 
in their Id, because epitope-prediction analysis revealed several 
motifs that could potentially bind one or more HLA molecules 
expressed by these patients. Whether the lack of T cell response 
in these patients is due to clonal deletion or peripheral tolerance 
remains to be determined. Furthermore, we have analyzed T cell 
lines generated from FL patients who had been actively immu-
nized with the unique Id protein expressed by their tumors to 

Figure 8
T cell response to Id, peptides, or autologous tumor was HLA associated. (A) LE T cells were cultured with irradiated autologous PBMCs (LE) or 
HLA-matched (VS) or HLA-mismatched (HR, BE, RB, SG, and NC) heterologous PBMCs in the absence (–) or presence (+) of 100 μg/ml LE-Id. 
The proliferation response (cpm) was measured by [3H]thymidine incorporation. (B) The proliferation response of LE T cells to LE-CDR2-1 peptide 
was measured using irradiated EBV cells as APCs. (C and D) The proliferation and cytokine responses of TL T cells to TL-Id and TL-CDR3-1 
peptide, respectively, were measured using autologous PBMCs or matched (JR) or unmatched (LK) heterologous PBMCs as APCs. (E and F) In 
the inhibition experiments, the indicated T cells were cultured with irradiated autologous PBMCs and 10 μM LE-CDR2-1 peptide (E) or TL-CDR3-1 
(F) in the absence or presence of anti-HLA mAb’s or control (ctrl) Ig. (G and H) BL T cells were cultured with irradiated autologous tumor cells in the 
absence or presence of the indicated mAb’s. The proliferation responses in the absence of Ab’s (None) were 106,658 (LE-1), 86,511 (LE-2), 5,930 
(TL-1), 23,461 (TL-2), 107,223 (BL-1), and 13,244 (BL-3). Results from a representative experiment are shown. Ag, antigen.
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identify functional T cell epitopes. The characteristics of Id-spe-
cific responses observed with the in vitro–established antigen-spe-
cific T cell lines might be clinically relevant, as they paralleled ex 
vivo responses seen in the postvaccine PBMC samples.

The main goal of this study was to elucidate the precise nature 
of the antigenic epitopes recognized by human Id-specific T 
cells. The intrinsic variability in nucleotide sequence generated 
by VDJ recombination, nontemplated addition of nucleotides in 
the CDR segments of Ig VH, and somatic point mutations can all 
produce potentially unique antigenic epitopes (7–12). In all eight 
independently derived T cell lines from the four patients stud-
ied, the functional T cell epitopes localized to the hypervariable 
regions (CDR2 and CDR3) of corresponding tumor Ig VH. These 
T cell responses were uniquely patient-specific, as they respond-
ed only to peptides derived from autologous CDR sequences. 
Besides, the CDR peptides stimulated cytokine responses in 
postvaccine PBMCs from these four patients in a patient-spe-
cific manner, suggesting that the responses described above for 
T cell lines may represent that of such vaccine-induced T cells 
present in vivo. There was no evidence of endogenous responses 
to these CDR epitopes in the tumor-bearing host prior to vac-
cination that were then amplified following Id vaccination. It 
also became clear that there is more than one immunodominant 
epitope in each Id protein, raising the possibility of a polyclonal 
T cell response against this antigen. Such a polyclonal response 
would be valuable to maintain a sufficient pool of specific T cells 
against tumor antigen(s) and might help to reduce the chance of 
immune escape variants and to establish long-lasting antitumor 
immunity following active vaccination (40–42).

The detailed study of a CDR2 epitope in Ig VH of patient LE dem-
onstrated the immunodominant nature of a number of overlap-
ping CDR2 peptides. These peptides stimulated the majority of 
LE T cells to produce proinflammatory cytokines such as IFN-γ,  
TNF-α, and GM-CSF, as evident from intracellular cytokine stain-
ing. Elaboration of Th1 cytokines by tumor-specific CD4+ T cells 
has been shown to have both direct and indirect effects on the 
induction and maintenance of antitumor immunity (43). The 
marked absence of inhibitory cytokines such as IL-10 following 
antigen (Id protein or peptide) stimulation might help prevent 
negative-feedback regulation of the generation and function of 
antigen-specific effector T cells (44–46).

Unlike CDR peptides, the majority of FWR peptides failed 
to stimulate autologous T cell lines from all of the four FL 
patients studied, except one JH peptide (patient TL) and one 
FWR3 peptide (patient BL). It is important to note that all FWR 
peptides used in this study had similar predicted binding affin-
ity, as did the CDR peptides with one or more HLA molecules in 
the corresponding patient. These results, therefore, support the 
notion not only that FWR peptides were cryptic, but also that 
the frequency of T cells capable of responding to FWR peptides 
might have been very low and that these T cells may have been 
lost during the generation of Id-specific T cell lines. The pre-
cursor frequency of T lymphocytes able to recognize unmutated 
self-antigen (e.g., FWR peptides) is likely to be low in peripheral 
blood (47), and this did not significantly change following Id 
vaccination. Enhanced T cell responses to CDR peptides were 
seen when APCs expressing high levels of HLA and costimulatory 
molecules (e.g., EBV-583 cells) were used; however, under the 
same conditions, the response to FWR peptides remained at the 
background levels. In contrast, by deliberate in vitro restimula-

tions with FWR peptides using CD40-activated B cells as APCs, 
cytotoxic T cell lines could be generated against FWR peptides 
in some chronic lymphocytic leukemia and FL patients (25), 
and this was improved using heteroclitic FWR peptides with 
enhanced binding to HLA-A2 molecule (26). At this time our 
data do not provide evidence that in vivo T cell responses actu-
ally elicited in Id-vaccinated patients are directed against FWRs 
of Ig VH, and the reason for this discrepancy is not clear.

Furthermore, peptides from three related (VH3 family) germ-
line CDR2 sequences failed to stimulate LE T cells despite 
their significant sequence similarity with LE-CDR2. In addi-
tion, analysis of the predicted binding ability showed that the 
germ-line CDR2 peptides had binding scores similar to that of 
LE-CDR2 peptide. This suggested that T cells capable of recog-
nizing germ-line peptides were probably absent; whether this 
was due to clonal deletion or peripheral tolerance is unclear. 
This is consistent with the importance of critical substitutions 
at the amino terminus of LE-CDR2 (Ig VH position 50–52a in 
50YITN52aTSSYISYAD61). Somatic mutation in FL B cells has 
been shown to selectively generate novel sites (threonine and 
asparagine) for N-linked glycosylations in CDR segments, more 
frequently in CDR2 (48), and this may increase the possibility of 
generating unique antigenic epitopes. Interestingly, LE-CDR2 
harbors such amino acid residues as a critical component of 
the natural antigenic epitope (YITNTSSYISYADSVKG), and 
synthetic peptides with deletions of these residues (e.g., SSY-
ISYADSVKG) were unable to stimulate LE T cells. Furthermore, 
epitope-prediction analysis of LE Ig VH revealed several peptides 
that included the motif TNTISYSSYAD (the minimal epitope 
described above), which could potentially bind at least HLA-
DRB1*0701 and -DRB1*1501, molecules expressed by patient 
LE. It is also possible that the patient would have responded if 
the patient had been vaccinated with an alternate idiotype that 
also contained an 11-mer sequence that could bind and be pre-
sented by the patient’s HLA allele(s). However, additional stud-
ies are required to determine whether these amino acid substi-
tutions are a result of the somatic mutation process commonly 
observed in germinal center B cells (7–12). Alternatively, it is 
possible that the unique CDR2 epitope in LE tumor Ig VH rep-
resents an as-yet unidentified, unmutated germ-line sequence.

Results of the studies with HLA-matched and unmatched 
APCs, and inhibition of T cell responses in the presence of anti–
HLA class II Ab’s, have demonstrated that multiple HLA mole-
cules may be involved in the activation of Id-specific CD4+ T cell 
lines. This is consistent with the fact that exogenous antigens 
are processed primarily through the MHC class II pathway (35). 
These CD4+ T cells could play an important role in the induc-
tion and maintenance of antitumor immunity (43). However, 
because of the possible multiclonal or oligoclonal nature of T 
cell lines and multiple HLA molecules expressed by the APCs 
used in the study, we were unable to identify specific HLA alleles 
involved. On the other hand, autologous tumor-raised T cell 
lines consisted of both CD4+ (BL-1) and CD8+ (BL-3) T cells, 
and their responses were class II or class I associated, respec-
tively. In the case of the CD8+ BL-3 T cells, the restriction ele-
ment seems to be HLA-B*08. It is possible that the endogenous 
putative tumor antigen(s) was presented by class I as well as 
class II molecules. Simultaneous induction of both subsets of T 
cells capable of responding to tumor antigen(s) by a therapeutic 
cancer vaccine is probably desirable.
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In conclusion, we have shown that T cell lines derived from 
actively immunized FL patients recognized multiple, unique, and 
patient-specific antigenic determinants of Id in an MHC-associ-
ated fashion. The dominant antigenic epitopes localized to the 
hypervariable regions (CDRs) of tumor Ig VH. It should be noted 
that the contribution of Ig light chain, and antigenic epitopes it 
might harbor, has not been addressed in our study. The association 
of Id-specific T cells with the achievement of molecular remissions 
in vaccinated patients (17) suggests that the responses against these 
newly identified T cell epitopes may be clinically relevant. The pres-
ence of multiple T cell epitopes in individual Id proteins, the likeli-
hood of these epitopes to functionally associate with more than one 
HLA molecule, and the activation of both CD4+ and CD8+ T cell 
subpopulations that can recognize the autologous tumor B cells (S. 
Baskar, unpublished observation) support the hypothesis that vac-
cination with a defined tumor-specific antigen can elicit robust and 
polyclonal T cell responses. As additional T cell epitopes in human 
Id proteins are characterized, such defined antigenic epitopes may 
serve as candidates for novel peptide-vaccine strategies, for in vitro 
expansion of antigen-specific T cells for adoptive immunotherapy, 
and as reagents for immune monitoring of vaccinated patients.
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